Evidence for B_s^0 -> Lambda_c^+ Lambda-bar pi^- by Belle Collaboration et al.
ar
X
iv
:1
30
4.
69
31
v3
  [
he
p-
ex
]  
17
 O
ct 
20
13
BELLE Preprint 2013-4
KEK Preprint 2012-48
Evidence for B0s → Λ
+
c Λpi
−
Belle Collaboration
E. Solovievar, R. Chistovr, I. Adachik, D. M. Asnerar, T. Aushevr,
A. M. Bakichaz, A. Balaas, V. Bhardwajai, B. Bhuyanm, M. Bischofbergerai,
A. Bondarc, G. Bonvicinibk, A. Bozekam, M. Bracˇkoab,s, T. E. Browderj,
V. Chekelianac, A. Chenaj, B. G. Cheoni, K. Chilikinr, K. Chov,
V. Chobanovaac, Y. Choiay, D. Cinabrobk, J. Dalsenoac,bb, M. Danilovr,ae,
Z. Dolezˇald, Z. Dra´sald, A. Drutskoyr,ae, D. Duttam, S. Eidelmanc,
D. Epifanovbf, H. Farhatbk, J. E. Fastar, T. Ferberf, V. Gaurba, S. Gangulybk,
R. Gillardbk, Y. M. Gohi, B. Golobz,s, J. Habak, Y. Hoshibd, W.-S. Houal,
Y. B. Hsiungal, M. Huschleu, H. J. Hyunx, T. Iijimaah,ag, A. Ishikawabe,
R. Itohk, Y. Iwasakik, T. Juliusad, D. H. Kahx, J. H. Kangbm, T. Kawasakiao,
C. Kieslingac, D. Y. Kimax, H. O. Kimx, J. B. Kimw, K. T. Kimw, M. J. Kimx,
Y. J. Kimv, K. Kinoshitae, J. Klucars, B. R. Kow, P. Kodysˇd, S. Korparab,s,
R. T. Kouzesar, P. Krizˇanz,s, P. Krokovnyc, T. Kuhru, R. Kumarau,
T. Kumitabh, A. Kuzminc, Y.-J. Kwonbm, J. S. Langeg, S.-H. Leew, J. Liaw,
Y. Libj, D. Liventsevk, P. Lukinc, D. Matvienkoc, H. Miyataao, R. Mizukr,ae,
G. B. Mohantyba, R. Mussaq, E. Nakanoaq, M. Nakaok, E. Nedelkovskaac,
N. K. Nisarba, S. Nishidak, O. Nitohbi, S. Ogawabc, S. Okunot, S. L. Olsenaw,
P. Pakhlovr,ae, G. Pakhlovar, H. Parkx, H. K. Parkx, T. K. Pedlaraa,
R. Pestotniks, M. Petricˇs, L. E. Piilonenbj, K. Prothmannac,bb, M. Ritterac,
M. Ro¨hrkenu, A. Rostomyanf, S. Ryuaw, H. Sahooj, T. Saitobe, Y. Sakaik,
S. Sandilyaba, D. Santele, L. Santeljs, T. Sanukibe, V. Savinovat,
O. Schneidery, G. Schnella,l, C. Schwandap, K. Senyobl, M. E. Seviorad,
M. Shapkino, C. P. Shenag, T.-A. Shibatabg, J.-G. Shiual, B. Shwartzc,
A. Sibidanovaz, J. B. Singhas, P. Smerkols, Y.-S. Sohnbm, A. Sokolovo,
S. Stanicˇap, M. Staricˇs, M. Sumihamah, U. Tamponiq, S. Tanakak,
K. Tanidaaw, G. Tatishviliar, Y. Teramotoaq, I. Tikhomirovr, T. Tsuboyamak,
M. Uchidabg, S. Ueharak, T. Uglovr,af, Y. Unnoi, S. Unok, P. Urquijob,
Y. Usovc, C. Van Hulsea, G. Varnerj, K. E. Varvellaz, A. Vinokurovac,
M. N. Wagnerg, C. H. Wangak, M.-Z. Wangal, P. Wangn, M. Watanabeao,
Y. Watanabet, K. M. Williamsbj, E. Wonw, B. D. Yabsleyaz, Y. Yamashitaan,
S. Yashchenkof, Y. Yookbm, Z. P. Zhangav, V. Zhilichc, A. Zupancu
aUniversity of the Basque Country UPV/EHU, 48080 Bilbao, Spain
bUniversity of Bonn, 53115 Bonn, Germany
cBudker Institute of Nuclear Physics SB RAS and Novosibirsk State University,
Novosibirsk 630090, Russian Federation
dFaculty of Mathematics and Physics, Charles University, 121 16 Prague, Czech Republic
eUniversity of Cincinnati, Cincinnati, OH 45221, USA
fDeutsches Elektronen–Synchrotron, 22607 Hamburg, Germany
gJustus-Liebig-Universita¨t Gießen, 35392 Gießen, Germany
hGifu University, Gifu 501-1193, Japan
iHanyang University, Seoul 133-791, South Korea
jUniversity of Hawaii, Honolulu, HI 96822, USA
kHigh Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan
lIkerbasque, 48011 Bilbao, Spain
mIndian Institute of Technology Guwahati, Assam 781039, India
nInstitute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, PR China
oInstitute for High Energy Physics, Protvino 142281, Russian Federation
pInstitute of High Energy Physics, Vienna 1050, Austria
qINFN - Sezione di Torino, 10125 Torino, Italy
rInstitute for Theoretical and Experimental Physics, Moscow 117218, Russian Federation
sJ. Stefan Institute, 1000 Ljubljana, Slovenia
tKanagawa University, Yokohama 221-8686, Japan
uInstitut fu¨r Experimentelle Kernphysik, Karlsruher Institut fu¨r Technologie, 76131
Karlsruhe, Germany
vKorea Institute of Science and Technology Information, Daejeon 305-806, South Korea
wKorea University, Seoul 136-713, South Korea
xKyungpook National University, Daegu 702-701, South Korea
yE´cole Polytechnique Fe´de´rale de Lausanne (EPFL), Lausanne 1015, Switzerland
zFaculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana, Slovenia
aaLuther College, Decorah, IA 52101, USA
abUniversity of Maribor, 2000 Maribor, Slovenia
acMax-Planck-Institut fu¨r Physik, 80805 Mu¨nchen, Germany
adSchool of Physics, University of Melbourne, Victoria 3010, Australia
aeMoscow Physical Engineering Institute, Moscow 115409, Russian Federation
afMoscow Institute of Physics and Technology, Moscow Region 141700, Russian Federation
agGraduate School of Science, Nagoya University, Nagoya 464-8602, Japan
ahKobayashi-Maskawa Institute, Nagoya University, Nagoya 464-8602, Japan
aiNara Women’s University, Nara 630-8506, Japan
ajNational Central University, Chung-li 32054, Taiwan
akNational United University, Miao Li 36003, Taiwan
alDepartment of Physics, National Taiwan University, Taipei 10617, Taiwan
amH. Niewodniczanski Institute of Nuclear Physics, Krakow 31-342, Poland
anNippon Dental University, Niigata 951-8580, Japan
aoNiigata University, Niigata 950-2181, Japan
apUniversity of Nova Gorica, 5000 Nova Gorica, Slovenia
aqOsaka City University, Osaka 558-8585, Japan
arPacific Northwest National Laboratory, Richland, WA 99352, USA
asPanjab University, Chandigarh 160014, India
atUniversity of Pittsburgh, Pittsburgh, PA 15260, USA
auPunjab Agricultural University, Ludhiana 141004, India
avUniversity of Science and Technology of China, Hefei 230026, PR China
awSeoul National University, Seoul 151-742, South Korea
axSoongsil University, Seoul 156-743, South Korea
aySungkyunkwan University, Suwon 440-746, South Korea
azSchool of Physics, University of Sydney, NSW 2006, Australia
baTata Institute of Fundamental Research, Mumbai 400005, India
bbExcellence Cluster Universe, Technische Universita¨t Mu¨nchen, 85748 Garching, Germany
bcToho University, Funabashi 274-8510, Japan
bdTohoku Gakuin University, Tagajo 985-8537, Japan
beTohoku University, Sendai 980-8578, Japan
bfDepartment of Physics, University of Tokyo, Tokyo 113-0033, Japan
bgTokyo Institute of Technology, Tokyo 152-8550, Japan
bhTokyo Metropolitan University, Tokyo 192-0397, Japan
biTokyo University of Agriculture and Technology, Tokyo 184-8588, Japan
bjCNP, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, USA
bkWayne State University, Detroit, MI 48202, USA
2
blYamagata University, Yamagata 990-8560, Japan
bmYonsei University, Seoul 120-749, South Korea
Abstract
Using 121.4 fb−1 of data collected with the Belle detector at the Υ(5S) reso-
nance at the KEKB asymmetric-energy e+e− collider, we report evidence for the
B0s → Λ
+
c Λπ
− decay mode with a measured branching fraction (3.6± 1.1[stat.]
+0.3
−0.5 [syst.]± 0.9[Λ
+
c ]± 0.7[NB0
s
]
)
× 10−4 and a significance of 4.4 standard de-
viations. This is the first evidence for a baryonic B0s decay.
1. Introduction
Results on baryonic B-meson decays obtained by Belle [1–6] and BaBar [7–
12] have increased experimental and theoretical interest in such processes [13].
B-meson decay modes with two- [1, 2, 7, 8], three- [2–5, 8–11] and even four-
[2, 6, 10–12] and five-body [11] final states have been observed. The measured
branching fractions clearly follow a hierarchy that depends on the final-state
multiplicity: two-body channels have smaller branching fractions compared to
multi-body ones. In addition, most three-body baryonic B-meson decays have
a near-threshold peak in the invariant baryon-antibaryon mass spectrum. This
effect was investigated in Ref. [14]. In this Letter, we report the first evidence
for the B0s → Λ
+
c Λπ
− decay and compare the measured branching fraction with
that for a similar channel, B− → Λ+c pπ
− [4], where the s-quark of the decay
under study here is replaced by a u-quark [15].
2. Data Sample and the Belle Detector
The data for this analysis were taken with the Belle detector at the e+e−
asymmetric-energy collider KEKB [16] at the Υ(5S) resonance. The integrated
luminosity of the sample is 121.4 fb−1 and corresponds to (7.1± 1.3)×106 B0sB
0
s
meson pairs [17] produced in three Υ(5S) decay channels: B∗0s B
∗0
s , B
∗0
s B
0
s, and
B0sB
0
s.
The Belle detector is a large-solid-angle magnetic spectrometer consisting of
a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter
(ECL) comprised of CsI(Tl) crystals located inside a superconducting solenoid
coil providing a 1.5-T magnetic field. An iron flux return located outside the coil
is instrumented to detect K0L mesons and identify muons (KLM). The detector
is described in detail elsewhere [18].
3
3. Selection Criteria
We use selection requirements previously used for baryonic B-meson decay
analyses [5]. Charged tracks, except those from K0S and Λ, are required to
originate within 0.25 cm in the radial direction and within 1 cm along the beam
direction from the interaction point (IP). We distinguish a charged particle of
type A from one of type B (A and B being π, K or p) based on likelihood values
L(A) and L(B) derived from the TOF, ACC, and dE/dx measurements in the
CDC.
K0S mesons (Λ hyperons) are reconstructed in the K
0
S → π
+π− (Λ → pπ−)
decay mode by fitting the pion (p and π) tracks to a common vertex, demand-
ing an invariant mass in an interval of ±10 MeV/c2 [≈ 3σ] (±4 MeV/c2 [≈ 3σ])
around the nominal K 0S (Λ) mass value [19] and applying the following require-
ments:
• the distance of closest approach between daughter particles at the decay
vertex should be less than 3 cm;
• the distance between the vertex position and IP in the plane transverse
to the beam direction should be greater than 0.01 cm;
• the angle α between the K 0S (Λ) momentum vector and the vector pointing
from the IP to the K 0S (Λ) decay vertex, measured in the plane transverse
to the beam direction, should satisfy cosα > 0.99;
• the vertex fit should have χ2 < 100 (10) for K0S (Λ).
A sample of Λ+c hyperons is reconstructed in the Λ
+
c → pK
−π+, Λ+c → pK
0
S,
and Λ+c → Λπ
+ decay modes. We apply a mass requirement on the recon-
structed Λ+c candidates, demanding the invariant mass be within the 10 MeV/c
2
(≈ 3σ) interval around the nominal mass value [19].
4. B0
s
-meson Reconstruction
We fit the Λ+c and Λ momentum vectors and the π track to a common B
0
s
vertex. To reject backgrounds including displaced tracks (e.g., unreconstructed
K0S and Λ decays), we impose a loose requirement on the vertex-fit quality for
the B0s . Signal candidates are identified by two kinematic variables computed in
the Υ(5S) rest frame: the beam-energy-constrained massMbc =
√
E2beam − p
2
B0
s
and the energy difference ∆E = EB0
s
−Ebeam, where Ebeam is the beam energy,
and EB0
s
and pB0
s
are the energy and momentum, respectively, of the recon-
structed B0s candidate. For the Υ(5S) → B
0
sB
0
s production channel, signal
events correspond to a cluster at (mB0
s
, 0) in the Mbc vs. ∆E plane. For the
Υ(5S)→ B∗0s B
0
s [B
∗0
s B
∗0
s ] channel, the photon from the B
∗0
s → B
0
sγ is not re-
constructed and so signal events cluster at ((mB0
s
+mB∗0
s
)/2, (mB0
s
−mB∗0
s
)/2)[
(mB∗0
s
, mB0
s
−mB∗0
s
)
]
in the Mbc vs. ∆E plane. We retain B
0
s meson candi-
dates with Mbc > 5.3 GeV/c
2 and |∆E| < 0.3 GeV for further analysis.
4
To suppress e+e− → cc background, we require that the ratio R2 of the
second and zeroth Fox-Wolfram moments [20] be less than 0.5. We also specify
that the angle Θthrust between the thrust axis of the B
0
s candidate in the Υ(5S)
frame and the thrust axis of the rest of the event satisfies |cosΘthrust| < 0.85.
The mass window of the Λ+c candidate, R2 and Θthrust requirements are opti-
mized by maximizing a figure of merit (FOM) Nsig/
√
Nbkgd, where Nsig is the
expected number of signal events from Monte Carlo simulation and Nbkgd is the
expected number of background events estimated from the ∆E sidebands in the
data.
Signal Monte Carlo samples of 120000 events each for different B0s -meson
production modes and Λ+c decay channels are used to evaluate the response of
the detector and determine its efficiency. Events are generated using the EvtGen
program; the detector response is simulated with GEANT [21]. We model the
B0s → Λ
+
c Λπ
− decay according to phase-space hypothesis.
5. Fit Procedure and Results
We apply an unbinned extended maximum likelihood fit simultaneously to
the three two-dimensional Mbc vs. ∆E spectra, corresponding to different Λ
+
c
subchannels. Signal and background distributions are parameterized separately
for all subchannels, taking each function to be the product of shapes in Mbc
and ∆E. For the signal the linear correlation between Mbc and ∆E is less than
0.002, while the background correlation does not exceed 0.005.
The contribution of the B0s production channel C (C being B
∗0
s B
∗0
s , B
∗0
s B
0
s
or B0sB
0
s) is parameterized by a two-dimensional Gaussian with parameters
determined from the Monte Carlo simulation. The typical resolution in Mbc is
3.6 MeV/c2 and in ∆E is between 8.8 MeV and 9.9 MeV. The number of signal
events for the channel C is written as:
NpKpiC = NB0
s
fC BB0
s
→Λ+c Λpi−
BΛ+c →pK−pi+ BΛ→ppi− ǫ
pKpi
C
N
pK0
S
C = NB0
s
fC BB0
s
→Λ+c Λpi−
BΛ+c →pK0S
BK0
S
→pi+pi− BΛ→ppi− ǫ
pK0
S
C (1)
NΛpiC = NB0
s
fC BB0
s
→Λ+c Λpi−
BΛ+c →Λpi+ B
2
Λ→ppi− ǫ
Λpi
C ,
where fC is the probability for the B
0
s -meson to be produced through the channel
C and ǫ is the reconstruction efficiency that is determined from the Monte Carlo
simulation. For the fractions fC , we use the following values [17]: fB∗0
s
B∗0
s
=
(87.0 ± 1.7)%, f
B∗0
s
B0
s
= (7.3 ± 1.4)%, and f
B0
s
B0
s
= 1 − f
B∗0
s
B∗0
s
− f
B∗0
s
B0
s
.
The B0s → Λ
+
c Λπ
− branching fraction is a common parameter shared among
subchannels, while the world average values [19] are used for the intermediate
branching fractions. The average reconstruction efficiency is found to be 12.5%
for the pKπ, 5.9% for the pK0S, and 8.7% for the Λπ subchannel.
Background shapes are described with an ARGUS threshold function [22]
in Mbc and a linear function in ∆E. We exclude the ∆E < −150 MeV region
from the fit to avoid contributions from possible B0s → Λ
+
c Λπ
−π0 decays, where
5
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Figure 1: Mbc and ∆E projections for B
0
s → Λ
+
c Λpi
− followed by Λ+c → pK
−pi+ (left
column), Λ+c → pK
0
S
(center column) and Λ+c → Λpi
+ (right column). Mbc spectra (top
row) are for events in the B∗0s B
∗0
s signal region (−71 MeV < ∆E < −23 MeV) and ∆E
spectra (bottom row) of the Λ+c Λpi
− combinations are for events in the B∗0s B
∗0
s signal region
(5.405 GeV/c2 < Mbc < 5.427 GeV/c
2). The selection requirements and the fit are described
in the text.
the π0 is not reconstructed. This cutoff is verified by Monte Carlo simulation
of B0s → Λ
+
c Λπ
−π0 and B0s → Λ
+
c Λρ
− decays.
The fit gives a B0s → Λ
+
c Λπ
− branching fraction of (3.6 ± 1.1) × 10−4,
which corresponds to a signal yield of (20.3± 6.1) events for the Λ+c → pK
−π+
subchannel. In the Λ+c → pK
0
S and Λ
+
c → Λπ
+ subchannels we expect a
number of events compatible with zero and the fit results confirm these negligible
yields within errors. The statistical significance of the observed signal is 4.4σ,
which is calculated as
√
−2 ln(L0/L), where L0 and L are the likelihoods with
the branching fixed at zero and at the best-fit value, respectively. This result
provides the first evidence of a baryonic B0s decay. Figure 1 shows the one-
dimensionalMbc and ∆E projections for B
0
s candidates from the B
∗0
s B
∗0
s signal
region (5.405 GeV/c2 < Mbc < 5.427 GeV/c
2, −71 MeV < ∆E < −23 MeV).
For the systematic error calculation, we change the fixed signal parameters
of the fit, reconstruction efficiencies, and fractions fC within their uncertainties,
which gives a contribution of +1.1
−1.2%, and change the region excluded from the fit
to avoid possible reflections, which results in a +0.4
−0.3% uncertainty. None of these
fit variations lower the signal significance within the rounding accuracy. We also
include a 0.35% per track error to account for reconstruction uncertainties, a
correlated systematic error of 2% per p and 1% per π or K to account for the
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Table 1: Systematic uncertainties on B(B0s → Λ
+
c Λpi
−)
Source
Relative
uncertainty,%
Fit parameters +1.1
−1.2
Cutoff +0.4
−0.3
Tracking efficiency ±2.1
Particle identification ±8.0
Displaced tracks +0.0
−6.8
BK0
S
→pi+pi− ±0.1
BΛ→ppi− ±0.8
Total +8.4
−12.8
particle identification efficiency, an uncertainty of +0.0
−6.8% due to the difference
between data and Monte Carlo for tracks displaced from the IP and errors for all
variables that enter into Eq. (1). Uncertainties from all sources are summarized
in Table 1 and are summed in quadrature.
Finally, we obtain the branching fraction:
B(B0s → Λ
+
c Λπ
−) =
(
3.6± 1.1[stat.] +0.3
−0.5[syst.]± 0.9[Λ
+
c ]± 0.7[NB0s
]
)
× 10−4,
where the uncertainties due to the Λ+c absolute branching fractions [19] and total
number of B0s -mesons are shown separately. The B
− → Λ+c pπ
− mode, which
represents a similar decay channel in the Bu-meson sector, has a branching
fraction of (2.8± 0.8)× 10−4 [19].
To study the observed shapes of signal and background, we use only the
Λ+c → pK
−π+ subchannel as it contains the only portion of the signal. First,
we examine distributions in the Λ+c sidebands from 20 MeV/c
2 < |M (pK−π+)−
mΛ+c | < 50 MeV/c
2 and find no peaking structures in the signal area. Monte
Carlo samples of known Υ(5S) decays that have six times the statistics of the
dataset are analyzed using the same reconstruction procedure and requirements
as described above. No hints for peaking structures in the signal Mbc and ∆E
variables are seen. Finally, we check Υ(5S) → B(∗)B(∗)(π) processes [19] into
which the B0 decays to Λ+c Λπ
−. About 120000 signal events are generated
and then analyzed using the same reconstruction procedure and requirements
as described above. We find no peaking structures in the signal region, while a
significant background contribution in the ∆E < −200 MeV region is seen. We
conclude that the signal peak stems indeed from B0s → Λ
+
c Λπ
− decays.
To investigate the possibility of a threshold enhancement, which is com-
mon in baryonic decays of Bu,d, including the related decay B
− → Λ+c pπ
− [4],
we extract the signal yield in baryon-antibaryon mass bins and, after total re-
construction efficiency corrections, obtain differential branching fractions as a
function of M
(
Λ+c Λ
)
; these are shown in Fig. 2(a). A fit with a phase-space
7
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Figure 2: Differential branching fraction as a function of (a) M
(
Λ+c Λ
)
, (b) M
(
Λ+c pi
−
)
, (c)
M
(
Λpi−
)
. Points are the data; the solid histogram is the result of the phase-space fit. The
vertical axis unit is 10−4/(400 MeV/c2).
Monte Carlo simulated distribution with floating normalization gives a statisti-
cal compatibility of 19%. We repeat the same procedure for other two-particle
invariant masses: Λ+c π
− [see Fig. 2(b)] and Λπ− [see Fig. 2(c)], finding 41%
and 22% compatibility with the phase-space hypothesis. The present statistical
precision is not sufficient to investigate the presence of a possible near-threshold
effect.
6. Summary
In conclusion, we report the first evidence for the B0s → Λ
+
c Λπ
− decay
and measure its branching fraction to be
(
3.6± 1.1[stat.]+0.3
−0.5 [syst.]± 0.9[Λ
+
c ]±
0.7[N
B0
s
]
)
× 10−4 with a 4.4σ significance, including systematics. The observed
B0s → Λ
+
c Λπ
− process represents the first instance of a Bs baryonic decay.
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